Many sugars and derivatives were tested in the capillary assay for their attraction of Bacillus subtilis. The major attractants were 2-deoxy-~-ghcose, D-fructose, gentiobiose, D-glucose, maltose, D-mannitol, D-mannose, N-acetylglucosamine, a-methyl-D-glucoside, P-methyl-Dglucoside, N-acetylmannosamine, a-methyl-D-mannoside, D-sorbitol, L-sorbose, sucrose, trehalose and D-XylOSe. Only glucose chemotaxis was completely constitutive. Competition experiments were carried out to determine the specificities of chemoreceptors. There were 25 instances of no influence of two sugars on each other's taxis, 92 instances of one sugar interfering non-reciprocally with chemotaxis towards another and 49 instances of two sugars reciprocally competing. However, in most of the last instances, other sugars were identified that interfered with chemotaxis towards one member of the pair but not the other. Thus, nearly all sugars and related compounds appear to be detected by their own chemoreceptors, but many secondary interactions exist.
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Many sugars and derivatives were tested in the capillary assay for their attraction of Bacillus subtilis. The major attractants were 2-deoxy-~-ghcose, D-fructose, gentiobiose, D-glucose, maltose, D-mannitol, D-mannose, N-acetylglucosamine, a-methyl-D-glucoside, P-methyl-Dglucoside, N-acetylmannosamine, a-methyl-D-mannoside, D-sorbitol, L-sorbose, sucrose, trehalose and D-XylOSe. Only glucose chemotaxis was completely constitutive. Competition experiments were carried out to determine the specificities of chemoreceptors. There were 25 instances of no influence of two sugars on each other's taxis, 92 instances of one sugar interfering non-reciprocally with chemotaxis towards another and 49 instances of two sugars reciprocally competing. However, in most of the last instances, other sugars were identified that interfered with chemotaxis towards one member of the pair but not the other. Thus, nearly all sugars and related compounds appear to be detected by their own chemoreceptors, but many secondary interactions exist.
I N T R O D U C T I O N
Chemotaxis is the process by which organisms travel to higher concentrations of attractant or lower concentrations of repellent. The mechanism of bacterial chemotaxis is a subject of wide interest since it is the most primitive sensory-motor process and might be the prototype from which the others have evolved. Increase of attractant concentration brings about increased amounts of attractant-chemoreceptor complex (Adler, 1969 ; Brown & Berg, 1974; Mesibov et al., 1973; Spudich & Koshland, 1975) (considering the chemoreceptor to be binding protein and signaller, see below) which is believed to bind (Ordal & Fields, 1977) to a membrane protein called the methyl-accepting chemotaxis protein (MCP). The MCP is subsequently methylated (Kort et al., 1975; Silverman & Simon, 1977; Springer et al., 1977) .
A central problem in the study of chemotaxis is the biochemical characterization of the proposed complex between chemoreceptor and MCP. There are two main types of chemoreceptor for such a study: receptors for amino acids and receptors for sugars and their derivatives (collectively called sugars in this paper). Amino acid and sugar taxes differ in two respects. Firstly, amino acid taxis is much stronger (Mesibov et al., 1973) ; for instance, it is hard to see smooth swimming by B. subtilis following addition of sugar but easy following addition of amino acid. Secondly, amino acid chemoreceptors do not have a transport function (Ordal et al., 1978) but sugar receptors do (Adler & Epstein, 1974; Aksamit & Koshland, 1974; Hazelbauer, 1975; Hazelbauer & Adler, 1971 As a prelude to biochemical studies of the function of sugar chemoreceptors, we have sought to determine the sugar attractants and discover specificities of chemoreceptors for B. subtilis. Similar experiments have already been done for E. coli .
METHODS
Bacteria. Bacillus subtilis 0 1 8 has been described by Ordal & Goldman (1975) . Media. Tryptone broth, minimal medium and chemotaxis buffer were as described by Ordal & Goldman (1975) except that in the present study chloramphenicol (100 pg ml-l) was added to chemotaxis buffer to avoid inducing chemoreceptors for competing sugars during the assay.
Capillary assays. Bacteria were inoculated 1 : 50 into 5 ml minimal medium containing 20 m-sodium lactate, 0.2 % (w/v) glycerol and 20 mwsugar to be used as attractant (10 mM for gluconate). The competing sugars were not present during growth. Bacteria were grown at 37 "C with shaking to 60 Klett units (red filter; about 2.1 x lo8 bacteria ml-l), diluted between 1 : 5 and 1 : 10 and grown until 30 Klett units. They were then harvested, washed twice in chemotaxis buffer and suspended at an ABoo of 0.001 (about 2-8 x los bacteria ml-l), as measuredin a Hitachi 100-40 spectrophotometer. Capillary assays were carried out at 37 "C for 30 min as described in Ordal(1976) . Briefly, a capillary containing attractant is inserted into the bacterial suspension ('pond'); attractant diffuses out into the pond, creating a gradient, and bacteria travel up the gradient into the capillary. The tube is subsequently removed and rinsed, and the contents are plated on tryptone agar; colonies are counted the next day.
Specificity of chemoreceptors.
Competition experiments were carried out using the capillary assay. In these, a certain concentration of a competing attractant was placed in both capillary and pond in an assay of another attractant which was placed only in the capillary. If the number of bacteria attracted into the capillary was reduced to some predetermined percentage, then the competitor was considered to have interfered with taxis by the attractant.
There are several possible reasons why one attractant can inhibit taxis to another attractant. (i) Both can be sensed by the same receptor (binding protein). (ii) Each can be sensed by different receptors (binding proteins), but both receptors can have a 'signaller' in common (Ordal & Adler, 1974; Strange & Koshland, 1976) . The signaller, defined by experiments on galactose and ribose chemotaxis in enteric bacteria, is a protein that monitors the number of binding proteins occupied by attractant. If competing-attractantreceptor complexes occupy most of the signallers, then the signallers will be less able to detect attractantreceptor complexes so that chemotaxis toward the attractant will be impaired (see, for example, Strange & Koshland, 1976) . (iii) Each can be sensed by different receptors, but the competing attractant can also bind at the attractant's receptor as an antagonist. (iv) Each can have different receptors, but the competingattractant-receptor complex can bind at the attractant-receptor's signaller as ail antagonist (see, for example, .
To minimize inhibition of taxis due to (iii), minimum concentrations of inhibitors were used. A series of control experiments showed that adding the sugar as a competitor at 3.16-fold less than its peak concentration reduced chemotaxis to the same sugar as attractant to 10 % or less. Thus, in the competition experiments, chemotaxis assays to one sugar at its peak concentration were carried out in the absence or presence of each of the other sugars at 1/3.16 of their respective peak concentrations. If taxis to the attractant was at least 70% normal, then no interference occurred. If taxis was reduced below 30%, then interference occurred. If taxis was intermediate (between 30 and 70%), then no conclusion was drawn.
RESULTS

Survey of sugars.
Most of the sugars tested were good attractants of B. subtilis and, except for glucose, taxes were inducible rather than constitutive ( Table 1) .
Competition experiments. Using the criteria for interference described in Methods, we found 92 instances where one sugar interfered non-reciprocally with chemotaxis towards another, 49 where two sugars interfered reciprocally, and 25 where sugars had no influence on chemotaxis towards each other (Table 2 ). In 20 other tests, one or both experiments were unsuccessful and these were regarded as potential cases of reciprocal interference. Where two sugars did not reciprocally interfere, both must have been sensed by different receptors t (Accumulation at peak concentration for bacteria grown in glycerol and lactate)+ (Accumulation for bacteria grown in glycerol, lactate and the attractant sugar) x 100. Experiments were done at an A600 of 0.001 ; however, particularly for the better carbon sources, inclusion of sugar in the growth medium sometimes made the bacteria larger (and thus of lower titre at A600 0.001) and less vigorously motile. Thus, the percentage shown represents a minimum estimate for the basal level of gene expression.
$Absent from growth medium due to toxicity. ; where two did reciprocally interfere, it is possible that both were sensed by the same receptor (but see Methods and Discussion). Dominance of sugars. Some of the sugars listed in Table 2 interfered with the taxes of most other sugars. These included 2-deoxyglucose, gentiobiose, gluconate, glucose, maltose, melibiose, a-methylglucoside, P-methylglucoside, sorbose and xylose. Most of these were also good attractants (accumulations over 1000, Table l), but gluconate and melibjose were not. Other sugars, such as fructose, mannitol, mannose, a-methylmannoside, N-acetylglucosamine, N-acetylmannosamine, sorbitol, sucrose and trehalose, were good attractants but poor inhibitors. Thus, there was no consistent pattern.
D I S C U S S I O N
In most of the competition experiments, each member of a pair of sugars did not interfere with the other's taxis. Yet in 69 actual or possible instances, two sugars did mutually interfere. The question is, how many of the instances of reciprocal interference represented cases where both sugars were sensed by the same receptor? If both were sensed by the same receptor, then all other sugars should either have inhibited or not inhibited chemotaxis towards each member of the reciprocally interfering pair. For example, glucose diminished chemotaxis towards a-methylglucoside and a-methylglucoside diminished chemotaxis towards glucose. Thus, glucose and a-methylglucoside might appear to be assigned to Sugar chemotaxis by B. subtilis 171 the same receptor. However, maltose reduced a-methylglucoside taxis but not glucose taxis, and a-methylmannoside reduced glucose taxis but not a-methylglucoside taxis. Therefore, glucose and a-methylglucoside were not sensed by the same receptor. There were 56 cases of two sugars that actually or potentially reciprocally interfered but could not be assigned to the same receptor because other sugars affected their respective taxes differently.
There remained 13 reciprocally inhibiting pairs for which no additional sugar was identified that affected chemotaxis towards one but not towards the other. It was thus possible that they were sensed by the same receptor. However, these included pairs like maltose-sorbose and maltose-a-methylglucoside, sugars that are sufficiently different to suggest that their taxes were probably mediated by different receptors. In all 13 cases, there were still other sugars whose taxes were inhibited by one member of each pair but not the other (Table 2) . If these instances of interference were due to reasons (ii) or (iv) (see Methods), then the original members of the reciprocally interfering pair were sensed by different chemoreceptors. As stated above, by selecting minimum concentrations of inhibitor, we attempted to minimize the likelihood of interference due to reason (iii) but did not eliminate it.
Finally, there is one potential qualification for experiments that purport to classify two mutually interfering sugars as belonging to different chemoreceptors by virtue of finding an additional sugar that inhibits (or is inhibited by) one member of the pair but not the other. This qualification may be stated as follows. Suppose that two mutually interfering sugars (1 and 2) use the same chemoreceptor for chemotaxis. However, growth on sugar 1 induces chemoreceptors for a third sugar (3) but growth on sugar 2 does not. Due to reason (ii) or (iv), sugar 3 inhibits taxis to sugar 1 (but not sugar 2 since sugar 3's chemoreceptor is not induced). One way of avoiding the error of concluding that sugars 1 and 2 have different chemoreceptors would be to grow the bacteria on sugars 1 or 2 and test for the ability of other sugars to inhibit taxis to sugar 1 or sugar 2. All other sugars should affect taxis to sugars 1 and 2 to the same degree if these two sugars share chemoreceptors. However, until such experiments are done, the conclusion that two mutually interfering sugars have different chemoreceptors has to be tentative.
This situation of extensive non-reciprocal and mutual inhibition of taxis resembles chemotaxis towards amino acids in B. subtilis , in which there were 52 instances of non-reciprocal inhibition and 34 instances of mutual inhibition where other amino acids were identified that interfered with taxis to only one member of the pair. In these experiments the interference was probably due to binding of competing-attractantchemoreceptor complex as an antagonist at the attractant-chemoreceptor's signaller since K, for inhibition equalled Kd for chemotaxis for each amino acid as an attractant. Similar determinations of K, are not possible for sugars because sugar chemotaxis is too weak (see extended discussion of this distinction in Mesibov et al., 1973) . Yet the similarity of the competition patterns makes it hard to avoid the conclusion that, in many instances, one sugar will interfere with chemotaxis towards another by binding at the competing attractant's own chemoreceptor but not the attractant's. Further work, especially with mutants having defective chemoreceptors, will have to be carried out to distinguish those instances where a competing attractant binds at its own chemoreceptor [reasons (ii) or (iv)] rather than the attractant's chemoreceptor (reason iii).
Regardless of the reason, the large number of instances of interference established that B. subtilis has evolved an elaborate mechanism for preventing chemotaxis to carbon and energy sources when already in their presence. Thus, bacteria will not move towards cellobiose when already in the presence of glucose. However, there are exceptions to this general rule and further work will perhaps reveal the reasons for these exceptions.
